INTRODUCTION
============

Pain due to malignant tumors occurs in cancer patients. Oral cancer pain impairs a patient's speech, swallowing, eating, drinking, and interpersonal relations, and has a signiﬁcant impact on his or her overall quality of life.^[@ref1])^ Most oral cancers are squamous cell carcinomas generated from oral mucosal epithelium. However, previous studies have scantly reported on the mechanism of pain using models of squamous cell carcinoma, except for our series of studies which have suggested several phenotypic changes associated with cancer pain in primary afferent neurons.^[@ref2]-[@ref4])^

Recent studies have exposed the critical importance of glial cells for a variety of biological functions, including pain perception and modulation.^[@ref5])^ Astrocytes and microglia in the spinal and medullary dorsal horn participate in the initiation and maintenance of persistent pain induced by tissue inﬂammation, nerve injury, and cancer, by the release of various chemical mediators. In addition, the role of satellite glial cells (SGCs) of sensory ganglia in chronic pain has begun to draw interest. SGCs are activated in animal models of both neuropathic and inflammatory pain.^[@ref5])^ Activated satellite glial cells release several inﬂammatory and immune mediators in response to inﬂammation and nerve damage, and inﬂuence other sensory neurons within the ganglion.^[@ref6]-[@ref10])^ The objective of our study was to determine the involvement of glia cells in the CNS and PNS in cancer pain in a rat model of oral squamous cell carcinoma, a disease known to cause significant morbidity and mortality.

MATERIALS AND METHODS
=====================

Animals
-------

Seventy-nine male Fisher rats (SLC, Hamamatsu, Japan) weighing around 250 g were used in this study. This investigation was conducted under the auspices of the local animal ethics committee in accordance with the Regulations for Animal Experiments of Nagoya University (permission No. 25352), the Animal Protection and Management Law of the Japanese Government (No. 105), and the Ethical Issues of the International Association for the Study of Pain.^[@ref11])^

Inoculation of tumor cells
--------------------------

The SCC-158 cells (squamous cell carcinoma derived from the external acoustic meatus of the Fisher rat, JCRB, Tokyo, Japan) were prepared as in a previous study.^[@ref3])^ Under anesthesia with an intraperitoneal injection of pentobarbital (50 mg/kg, Nembutal, Abbot Laboratories, Chicago, IL, USA), the tumor cells (2.5 × 10^6^ cells in 0.025 mL saline) were inoculated into the subperiosteal tissue of the rats on the lateral side of the lower gingiva with a 24 gauge needle. Control groups were injected with 0.025 mL saline.

Assessment of mechanical sensitivity
------------------------------------

Mechanical sensitivity of the facial skin was assessed by the use of von Frey hairs (North Coast Medical Inc., Morgan Hill, CA, USA) with a group of SCC-158 injected animals and a control groups as in a previous study.^[@ref3])^ The von Frey filaments were applied to the forehead (ophthalmic nerve area), whisker-pad (maxillary nerve area), and submandibular (mandibular nerve area) skin areas. The frequency of nociceptive response (head withdrawal or vocalization) was counted from 5 trials. The nociceptive threshold was defined as the minimum pressure needed to evoke nociceptive responses in at least 60% of the trials.

Intraperitoneal administration of morphine
------------------------------------------

Animals were tested with morphine (i.p.) to see whether the alteration in mechanical sensitivity assessed by von Frey hairs reflected mechanical hyperalgesia. Either vehicle or morphine (5, 7.5, 10 mg/kg) was intraperitoneally injected into tumor inoculation or control animals. Assessments of mechanical sensitivity for submandibular (on days 12 through 16), and whisker-pad skin areas (on days 19 through 23) were determined both before and 30 minutes after morphine treatment.

Tissue preparation and immunohistochemistry
-------------------------------------------

Rats were perfused with physiological salines followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) 14 days and 28 days after either tumor cell inoculation or saline injection, under deep anesthesia with pentobarbital (i.p. 50 mg/kg). Frontal sections (15 μm thickness) of mandibles were stained by hematoxylin-eosin.

For immunohistochemical staining of the trigeminal ganglion (TG), serial cryostat sections of TG (10 µm thickness) were reacted with either rabbit anti-GFAP anti-serum (1:2,000; DAKO, Kyoto, Japan), rabbit anti-TRPV1 anti-serum (1:1,000: Trans Genic Inc., Kumamoto, Japan), or rabbit anti-TRPV2 anti-serum (1:1,000: Sigma, St. Louis, Mo, USA) after dilution in 0.1 mol/L PBS containing 4% normal goat serum and 0.3% Triton-X 100 (Sigma). GFAP is a marker for satellite glial cells. TRPV1 and TRPV2 are transducer molecules involved in the generation of pain sensation. Sections were then reacted with biotinylated goat antirabbit IgG (Vector Laboratories, Burlingame, CA, USA) and avidin andbiotin-peroxidase complex (Vector Laboratories), and visualized with 0.1% 3.3'-diaminobenzidine tetrahydrochloride (Sigma).

For immunohistochemical staining of the trigeminal spinal nucleus, serial frozen transverse sections (30 µm thickness) of the caudal medulla and upper cervical spinal cord were made from 2 mm rostral through 6 mm caudal to the obex. The free-floating sections were reacted with either rabbit anti-Iba1 anti-serum (1:1,000; WAKO, Osaka, Japan) or rabbit anti-GFAP anti-serum (1:5,000; DAKO, Kyoto, Japan), to label microglia and astrocytes, respectively. Sections were then incubated with biotinylated goat antirabbit IgG (Vector Laboratories), avidins, and biotinylated HRP complex (Vector Laboratories), and visualized with 0.1% DAB (Sigma).

The neurons framed by GFAP-positive satellite cells were evaluated. A neuron framed by GFAP-ir SGCs was counted as positive if more than half of its circumference was framed by GFAP-ir SGCs. TRPV1-positive neurons and TRPV2-positive neurons were also counted, but only those neurons with visible nuclei. The area of neurons was measured by a computer-aided image-analyzing system (NeuroLucida; Microbrightfield, Colchester, VT, USA). Adjacent sections were compared to examine whether neurons framed by GFAP-ir SGCs expressed TRPV1 or TRPV2.

The area of either GFAP-positive astrocytes or Iba1-positive microglia in a given area (680 × 512 pixels: 1 pixel = 0.38 µm^2^) of a trigeminal spinal nucleus was calculated using a computer-assisted image analyzing system (ImageJ software, ver.1.38, National Institutes of Health, USA).

Statistical analysis
--------------------

Statistical analyses were performed by one-way or two-way analysis of variance with repeated or non-repeated measures, followed by Holm-Sidak multiple comparison tests if warranted, or Student's *t*-test where appropriate. Data from the von Frey test were analyzed using nonparametric two-way repeated-measures analysis of variance on ranks, followed by a Holm-Sidak comparison if warranted. A *P* value of \< 0.05 was considered significant.

RESULTS
=======

Tumor histology
---------------

Similar to a previous study,^[@ref3])^ SCC-158 cells produced mandibular bone degeneration fourteen days after inoculation. Twenty-eight days after inoculation, the inferior alveolar nerve was surrounded by invaded tumor tissue (date not shown).

Nociceptive responses after tumor cell inoculation
--------------------------------------------------

In the ipsilateral whisker-pad skin area, the withdrawal threshold of von Frey filament testing showed a significant decrease 16 through 28 days after the inoculation of tumor cells, compared with saline-injected control animals, indicating the development of mechanical allodynia ([Figure 1A](#fig1){ref-type="fig"}). In the ipsilateral submandibular skin area, the withdrawal threshold showed a significant decrease compared to the saline-injected control group on post inoculation days 10 through 20 ([Figure 1B](#fig1){ref-type="fig"}). In the forehead skin area, the withdrawal threshold showed no significant changes after the injection of either tumor cells or saline (data not shown).

Effects of morphine
-------------------

Intraperitoneal morphine (7.5, 10 mg/kg) signiﬁcantly increased the von Frey hair thresholds of the tumor-inoculated submandibular skin area ([Figure 1C](#fig1){ref-type="fig"}) and whisker-pad skin area compared with saline treatment (data not shown).

Activation of SGCs in trigeminal ganglion
-----------------------------------------

SGC activation in trigeminal ganglion was observed in tumor inoculated animals ([Figure 2A](#fig2){ref-type="fig"}). Neurons framed by GFAP-positive satellite cells slightly increased in the medium cell groups (500--750 µm^2^) 14 days after tumor inoculation ([Figure 3A](#fig3){ref-type="fig"}), and significantly increased in the medium and large cell groups (\>500 µm^2^) on day 28 ([Figure 3B](#fig3){ref-type="fig"}). In total count, neurons framed by GFAP-positive satellite cells significantly increased on day 28 after tumor inoculation ([Figure 3B](#fig3){ref-type="fig"}).

TPRV1-expression in TG
----------------------

TRPV1 was expressed in small size neurons in TG, consistent with a previous study^[@ref3])^ ([Figure 2C](#fig2){ref-type="fig"}). TRPV1-positive cells significantly increased in the small and medium cell groups (250--500 µm^2^ and 500--750 µm^2^) on day 14 after tumor inoculation ([Figure 3C](#fig3){ref-type="fig"}). In total count the TRPV1-positive cells significantly increased 14 days after tumor inoculation, but not on day 28 ([Figure 3C, D](#fig3){ref-type="fig"}).

TRPV2-expression in TG
----------------------

TRPV2 was expressed in small, medium, and large size neurons in TG ([Figure 2D](#fig2){ref-type="fig"}). The TRPV2-positive cells remarkably increased in the medium and large cell groups (500--750 µm^2^, 750--1000 µm^2^, and 1000--1250 µm^2^) on day 14 ([Figure 3E](#fig3){ref-type="fig"}), and slightly increased 28 days after tumor inoculation ([Figure 3F](#fig3){ref-type="fig"}). In total count the TRPV2-positive cells significantly increased 14 days after tumor inoculation, but not 28 days after ([Figure 3E, F](#fig3){ref-type="fig"}).

Adjacent sections were compared to examine TRPV1 and TRPV2-expression in neurons framed by GFAP-positive satellite cells in TG. There was no TRPV1-expression in neurons framed by GFAP-positive satellite cells at 14 and 28 days after tumor inoculation. A few neurons framed by GFAP-positive SGCs expressed TRPV2 on day 14 (0.56±0.56%) and day 28 (5.98±2.68%).

Astrocytes and microglia in trigeminal spinal nucleus
-----------------------------------------------------

The total area of both GFAP-positive astrocytes and Iba1-positive microglia showed no changes on days 14 and 28, except at --2.4 mm from the obex on day 28 ([Figure 4A, B](#fig4){ref-type="fig"}).

DISCUSSION
==========

MODEL OF ORAL CANCER PAIN
-------------------------

In this study, tumor growth after the inoculation of SCC cells into the lower gingiva produced mechanical allodynia of both whisker-pad skin (maxillary nerve area) and submandibular skin (mandibular nerve area).

The mechanical allodynia was suppressed by 7.5 mg/kg morphine, the dose at which normal mechanical sensitivity is not affected. These ﬁndings suggested that the decreased von Frey threshold observed was an indicator of mechanical allodynia induced by the earlier inoculation of squamous cell carcinoma cells (SCC-158) into the lower gingiva.

Glial changes in trigeminal ganglion
------------------------------------

Satellite glial cells of sensory ganglia participate in the development and maintenance of chronic pain conditions.^[@ref5])^ Following stimulation of neurons in the dorsal root ganglia (DRG), SGCs wrapped around neuronal bodies became activated and increased neuronal excitability by releasing inflammatory mediators such as tumor necrosis factor-α (TNFα).^[@ref12],[@ref13])^ SGCs in DRGs and TGs are tightly associated with sensory neurons via gap junction, and gap junction communication between SGCs and neurons is greatly enhanced in persistent pain conditions.^[@ref7],[@ref8],[@ref14])^

In the present study of TG, GFAP-positive satellite cells encircling neurons slightly increased on day 14 after tumor inoculation, when apparent mechanical allodynia was observed in the submandibular skin area. The satellite cells encircling medium and large neurons strikingly increased on day 28 after tumor inoculation, when mechanical allodynia was observed in the whisker-pad skin area. This suggested that activation of GFAP-positive SGCs might be involved in mechanical allodynia not only in the submandibular area, but also in the maxillary nerve area where the tumor was not inoculated. As large size neurons were mostly surrounded by the activated GFAP-positive satellite cells, they might have some roles in maintaining mechanical allodynia through activation of tactile neurons.^[@ref15])^

Increased expression of TRPV1 and TRPV2 in TG neuron
----------------------------------------------------

The transient receptor potential vanilloid 1 (TRPV1) and its homologue TRPV2, which belong to the TRPV subfamily of the large TRP ion channel super family, are critical contributors to normal and pathological pain.^16)^In a model of bone cancer pain, administration of a TRPV1 antagonist or disruption of the TRPV1 gene was reported to result in a signiﬁcant attenuation of both ongoing and movement-evoked nocifensive behaviors.^[@ref17])^ In the hind-paw model of SCC, the TRPV1-expressing neurons increased in the small-, medium-, and large-cell groups in the dorsal root ganglia (DRGs), and administration of the TRPV1 antagonist inhibited hyperalgesic response.^[@ref2],[@ref4])^

In our study, we observed hyperalgesia in the submandibular skin area on day 14 and in the whisker-pad skin area 28 days after tumor inoculation. Fourteen days after tumor inoculation, medium and small cells expressed TRPV1, and medium and large cells expressed TRPV2 significantly more in TG, suggesting that TRPV1 and TRPV2 upregulation in neurons may play an important role in inducing mechanical allodynia in submandibular skin. On day 28 after tumor inoculation, upregulation of TRPV1 and TRPV2 did not have a significant total number. TRPV1 and TRPV2 expression may not have had an important role in maintaining the mechanical allodynia observed in this model. GFAP-positive satellite cells encircling neurons significantly increased on day 28, when upregulation of TRPV1 and TRPV2 were no longer apparent. Immunohistochemical study using serial sections revealed that no TRPV1-expressed neurons and only a few TRPV2-expressed neurons were framed by GFAP-positive satellite cells after tumor inoculation. These results suggested that both activation of GFAP-positive satellite cells and upregulation of TRPV1/2 were independently involved in mechanical allodynia observed in this model.

Glial changes in trigeminal spinal nucleus
------------------------------------------

During pathological pain states including cancer pain, CNS microglia and/or astrocytes become active and release proinflammatory signals which are responsible for the hyperexcitability of nociceptive pathways, leading to the development of hyperalgesia and allodynia. The pharmacological inhibition of glial cell function effectively attenuates the development of neuropathic, inflammatory and cancer pain. In the present study, the apparent activation of microglia and astrocytes, which occurred commonly in the trigeminal spinal nucleus of inflammatory, neuropathic and cancer pain models,^[@ref18]-[@ref20])^ was not developed. Twenty-eight days after tumor inoculation, activation of microglia and astrocytes developed in the caudal part of the trigeminal spinal nucleus caudalis (--2.4 mm from the obex), which was involved in nociception in the mental cutaneous area. Glial activation was not observed in the trigeminal spinal nucleus interpolaris and caudalis transition zone at the periobex level, which were involved instead in nociception in lower molar teeth and gum.^[@ref21])^ The activation of microglia and astrocytes --2.4 mm from the obex might therefore be produced by cutaneous rupture associated with tumor development. Femoral bone cancer pain and sciatic nerve proximal cancer pain in mice resulted in severe spinal astrogliosis without activation of microglia.^[@ref22])^ Furthermore, a rat bone cancer pain model produced by injecting rat mammary gland carcinoma cells into the tibia showed no activation of either microglia or astrocytes.^[@ref23])^ The response of glia in CNS might differ depending on animal species, the type of tumor, and its location.

In the present study, inoculating SCC into the lower gingiva induced mechanical allodynia in the facial skin area. In addition to the increase of TRPV1 and TRPV2 in TG after tumor inoculation, we could see activation of GFAP-positive satellite cells in TG at a later stage. GFAP-positive satellite cells seem to be involved in the maintenance of mechanical allodynia associated with inoculation of SCC into the lower gingiva.
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![Cutaneous allodynia observed in both whisker-pad skin (**A**) and submandibular skin (**B**) areas in rats inoculated with squamous cell carcinoma (SCC-158). (**C**) Effect of vehicle or morphine (5, 7.5 and 10 mg/kg i.p.) on mechanical allodynia observed in submandibular skin area 2 weeks after inoculation of tumor cells. \**P* \< .05.](2186-3326-76-323-g001){#fig1}

![GFAP (**A, B**), TRPV1 (**C**) and TRPV2 (**D**) -positive cells in trigeminal ganglion 14 days (**C, D**) and 28 days (**A, B**) after tumor innoculation. Black arrows: GFAP immunoreactive cells. White arrowheads: TRPV1 immunoreactive cells. Black arrowheads: TRPV2 immunoreactive cells.](2186-3326-76-323-g002){#fig2}

![Size-frequency histogram illustrating distribution and total number of neurons framed by GFAP positive satellite cells (**A, B**), TRPV1-positive cells (**C, D**), and TRPV2-positive cells (**F, F**) in the trigeminal ganglion, 14 days (**A, C, E**) and 28 days afterinoculation of tumor cells (**B, D, F**), compared with saline-injected control animals. \**P* \< .05.](2186-3326-76-323-g003){#fig3}

![Alteration of GFAP-positive astrocytes and Iba1-positive microglia in the ipsilateral trigeminal spinal nucleus after tumor inoculation into the lower gingiva. (**A**): The total area of GFAP-positive astrocytes in a given area identified with an altitude (rostral-caudal +2.4 mm, +1.2 mm, 0 mm, --1.2 mm, --2.4 mm, --3.6 mm, --4.8 mm, --6.0 mm from obex) of trigeminal spinal nucleus. Photograph shows GFAP-positive astrocytes in the trigeminal spinal nucleus 28 days after tumor inoculation. (**B**): The total area of Iba-1-positive microglia in trigeminal spinal nucleus and photograph of Iba-1-positive microglia. \**P* \< .05.](2186-3326-76-323-g004){#fig4}
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